Coal gasification is a complex process of parallel-consecutive chemical reactions at high temperature between the organic part of coal matter and the gasifying agent. The following two approaches are applied in modelling the coal gasification process: equilibrium and kinetic. The methods of determining the thermodynamic equilibrium can be divided into two groups: stoichiometric and nonstoichiometric methods. This article presents the equilibrium model of the steam gasification of coal developed for a laboratory experiment (Smoliński 2008 (Smoliński , 2011 . The scope of this paper includes the development of the concept concerning the division of the reaction system into two zones, where the result of one of the stages constitutes the input data for the subsequent stage. The composition of the gas mixture has been evaluated on the basis of the fundamental physical and chemical rights. The estimated content of the gases in the mixture correlate with the results of the experiment.
INTRODUCTION
Coal gasification is a sequence of thermo-chemical transformations taking place at high temperature between the organic part of coal matter and the gasifying agent, such as: oxygen, steam, air, carbon dioxide. The aim of the process is to produce gas fuel -synthesis gas, which finds wide industrial application, mainly in chemical synthesis. The type of gasifying agent and the process parameters, such as temperature and pressure, mostly affect the energetic properties of the obtained gas (Smoliński 2010; Rauk 1981) .
The gasification process is a complex system of parallelconsecutive chemical reactions (Golec, Ilmurzyńska 2008) . With regard to chemical calculations, the following two approaches can be distinguished in relation to the problem of modelling the coal gasification process: thermodynamic (equilibrium models) and kinetic (kinetic models).
The authors of this article attempt to analyse the hard coal gasification process with steam, based on thermodynamic considerations. The equilibrium models are based on the assumption that the speed of particular chemical and physical-chemical reactions is infinitely high, so that the system remains in thermodynamic equilibrium. The term 'modelling the gasifying process' includes the designation of the equilibrium composition of gas formed as a result of the activity of the gasifying agent on the coal sample. The equilibrium composition of the reaction mixture is the one, which would be established, if the reagents remain in direct contact for an infinitely long period of time. Thus, the concentration of reagents reach limit values at the equilibrium state (Golec, Ilmurzyńska 2008 ).
SELECTED REACTIONS OF THE GASIFYING PROCESS
The chemical reactions which are typical for the coal gasification process, assuming that the reaction products do not contain higher organic compounds or higher hydrocarbons (Golec, Ilmurzyńska 2008; Białecka 2008; Tomeczek 1991) , are as follows:
• heterogeneous reactions:
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Despite the presence of other components, besides the elemental carbon, in the organic substance of coal, it is assumed that the basic coal gasification reactions can be considered in relation to this element as the substrate. This procedure is justified by a significant fraction of elemental carbon as well as by the need for certain simplifications when dealing with such complex systems (Wasilewski 1980 ).
BALANCING COAL GASIFICATION PROCESSES
The equations of balancing elements in the process are presented below (Kozaczka 1994 
Assuming that in the process n pal kmoles of fuel react with n kon kmoles of conversion agent, the balance of particular elements in the resultant gas will look as follows: 
BASIS OF THE CALCULATION METHOD
The methods for determining thermodynamic equilibrium can be divided into two groups: stoichiometric and nonstoichiometric methods.
In the non-stoichiometric methods, the input data includes: the initial composition of the reaction mixture, a set of chemical compounds present in the products, expressions determining the thermodynamic potential of each compound, the parameters of the equilibrium state (temperature, pressure). Determination of the equilibrium composition of the mixture in this method consists of finding the number of moles of each of the reagents, which corresponds to the minimum thermodynamic potential. In this method, there is no need to specify the chemical reactions or equilibrium constants (Golec, Ilmurzyńska 2008).
In the stoichiometric methods, the following are assumed as the input data: the initial composition of the reaction mixture, the set of chemical compounds present in the product, the set of chemical reactions, expressions specifying the equilibrium constant of particular reactions, parameters of the equilibrium state (temperature, pressure). The stoichiometric calculation methods differ in the amount of chemical compounds which are taken into consideration and thus, the set of analysed chemical reactions as well as the manner of solving the non-linear system of equations (Kozaczka 1994) .
This article refers to the stoichiometric method and in particular, the calculation assumptions proposed by Gumz and Trustel constitute its basis. Gumz extended the calculation scheme proposed by Traustel, by any fuel composition and the pressure higher than the atmospheric pressure (Kozaczka 1994) . Therefore, it was assumed that the resultant gas is composed exclusively of the following molecules: carbon dioxide, carbon monoxide, nitrogen, methane, hydrogen, steam. These gases are produced as a result of the degasification of coal and as a result of chemical reactions described below with the following equations:
Therefore, the system consists only of the following atoms: carbon, hydrogen, oxygen, nitrogen. Based on Dalton's law, the balancing elements of gasification process and equilibrium constants of the reactions, the following equations have been written for the system being in the equilibrium state:
where: respectively, carbon dioxide, carbon monoxide, hydrogen, methane, nitrogen, steam, in atm n pal , n kon -the amount of fuel and conversion agent reacting with each other, kmole
What is more, there is also a relationship between the partial pressure of particular gases and the balance of elements in the resultant gas. If it is assumed that the resultant gas consists only of such substances as: carbon dioxide, carbon monoxide, nitrogen, methane, hydrogen, steam, the abovementioned relations can be written as follows:
(39) where: n -number of kmoles of the resultant gas, kmole p -pressure of the process, atm Assuming that the process is carried out at the atmospheric pressure and one kmole of the resultant gas is produced, the equations (36)-(39) are simplified to the following form:
The following set of equations with eight unknowns is the result of combination of the equations (28)- (35) and (40)- (43):
The input data consists of the coal sample composition (in terms of the mass fractions of carbon, hydrogen, oxygen, elemental nitrogen and moisture), composition of the conversion agent as well as the temperature and pressure of the process.
The partial pressure of particular gases, the number of moles of the fuel and the gasifying agent constitute the solution of the set of equations. Due to the fact that the calculations are made for the atmospheric pressure and with the assumption that 1 kmole of the resultant gas is produced, the partial pressure of gases is equal to the molar fraction (volume fraction) and the number of moles of particular gases in the mixture. 
EXPERIMENT OF STEAM GASIFICATION OF COAL
The results of experiments concerning coal steam gasification carried out in laboratory conditions were presented in earlier works (Smoliński 2008 (Smoliński , 2011 . The experiments were conducted in a laboratory installation consisting of a fixedbed reactor, resistance furnace, water pump with steam generator, water trap, mass-flow meter and gas chromatograph. The coal sample (3.1 g) was placed at the bottom of the reactor and heated to a temperature of 973 K under an inert gas (nitrogen) atmosphere. During the operations of the reactor, the pressure and temperature inside the reactor were controlled. After the temperature had stabilized, steam was injected to the reactor at a flow rate of 5.33·10 -2 cm 3 /s. The synthesis gas was transported to the water-cooled tar trap. Flow-metre and gas microchromatograph automatically measured the composition of gas mixture every 192 seconds.
The physiochemical parameters of coal and the composition of the received gas are presented respectively in Tables 1  and 2 . The average composition of the synthesis gas was calculated as the arithmetic mean of results from particular time periods (rejecting the initial and final results).
EQUILIBRIUM MODEL OF COAL GASIFICATION PROCESS
In the first stage, the concept model of the described experiments was shown in Figure 1 . Steam (gasifying agent) and energy in the form of heat (it was assumed that the system temperature is constant and equals to 973 K) are supplied to the system. The coal sample with the parameters specified in Table 1 is placed to the system. It was assumed that the flow of the agent is so slow that a pseudo-equilibrium state is determined. It was considered that heterogeneous reactions take place in the system, as a result of which, a gas mixture is produced: carbon dioxide, carbon monoxide, methane, hydrogen, steam, nitrogen.
The content of particular elements in the fuel and gasifying agent was calculated according to the equations (13)-(16), (18) and (19). The results of these calculations are presented in Table 3 . The gasifying agent is composed solely of hydrogen and oxygen atoms. The following elements were taken into consideration in the composition of coal: carbon, hydrogen, oxygen, nitrogen.
The equilibrium constants at a temperature of T = 973 K were calculated according to the approximate equations proposed by Gumz and based on data of the Bureau of Standards (Kozaczka 1994 The set of equations (44) was solved numerically in Mathematica software, using the FindRoot procedure (Grzymkowski et al. 2008). The final results of the calculations are presented in Table 4 . The calculations made give acceptable results (co-ordinal) with respect to the content of hydrogen and methane in the synthesis gas (Tab. 2 and 4). The calculated content of carbon monoxide and carbon dioxide in the synthesis gas differs by one order of magnitude from the experimental results. The calculated CO content is too high and the CO 2 content -too low in comparison to the results of the experiment. A possible reason for the discrepancies is presented below.
The calculation algorithm should be complemented by a reaction which changes (decreases) the concentration of CO in the resultant gas. An exothermic water gas shift reaction complies with it. The equilibrium of the reaction at a temperature of 973 K is shifted towards the formation of H 2 and CO 2 -the equilibrium constant is 1.55.
What is more, the reaction of methane formation does not actually reach the state described by the equation (35). For a closer characterization of this reaction to the actual conditions, an empirical factor correcting the numerical value of the equilibrium constant K 3 is applied. The value of this factor depends on the type of coal (Kozaczka 1994) . Thus, based on the literature prerequisites, a multiplier of the equilibrium constant of methane synthesis reaction was used. According to Kozaczka (1994) , this multiplier may be set between 0.115-0.570, depending on the type of coal. In this thesis, the value of the factor was chosen in such a way as to simultaneously meet the requirements described by the following formulas:
where: 4 4 CH CH , x x % -molar fraction of methane in the resultant gas, respectively the experimental data and results of calculations κ 3 -multiplier of the equilibrium constant of methane synthesis reaction Table 5 contains the calculated values of correction factors for each of the samples separately. Based on the above calculations, a hypothesis concerning the existence of the relationship between the content of elemental carbon in the sample and the value of the correction factor κ 3 was formulated. The equation approximating the value of the factor κ 3 takes the following form: The above assumptions allow the concept of two-zone reactor (Fig. 2) to be adapted. For the first zone of the reactor, the model of the phenomenon is analogous to the one-zone reactor, however the set of equations (44) was modified in the computation scheme -the corrected value κ 3 K 3 was inserted in the place of K 3 . The gas mixture from the first zone as well as the part of steam which was introduced to the system but which did not react in the first zone (hereinafter: excess amount of steam), were entered into the second zone. A conversion reaction of carbon monoxide with steam takes place and a new equilibrium state is determined. The reactivity of coal in the gasification process determines the rate of coal reaction with the gasifying agent and it determines that various amounts of gases are produced in a particular time interval from various samples. The coal reactivity depends on many factors, among which the most important are: content of elemental carbon, volatile matter and ash (Smoliński, Howaniec 2007) . Therefore, a hypothesis that it is possible to approximate the excess amount of steam with the equation including those parameters was formulate
where: The above-specified polynomial is only an example of the description concerning the relationship between the composition of coal and the amount of steam supplied to the second zone of the reactor. The development of a complete model requires more experimental data. Moreover, an accurate measurement of the amount of gasifying agent (steam) supplied to the system and remaining in the resultant mixture after it leaves the system is necessary for the assumed calculation scheme. At this stage of the thesis, the optimal excess amount of water vapour 2 H O, nad n was calculated on the basis of the experimental data, according to the below assumption:
where: -molar fraction of particular gases in the mixture (experimental data) -molar fraction of particular gases in the mixture (model).
The results of the calculations are presented in Table 6 . The following equation was written down and it constitutes the basis for the calculation of a new equilibrium state 
The parameter y was determined from the equation (54). The molar fraction of particular gases in the mixture in the newly established equilibrium state was calculated using the following equations:
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The results of the experiment refer to the content of such gases as: carbon dioxide, carbon monoxide, methane, hydrogen, thus the molar composition of the mixture was calculated into those components according to the following formulas:
(1 )
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The calculated content of gases in the mixture remains in good correlation with the results of the experiment. The results of the calculations are presented in Table 7 . 
SUMMARY
It was shown in the thesis that the equilibrium model is adequate for the estimation of the gas composition obtaining from the steam gasification of coal in the fixed-bed reactor.
A concept concerning the division of a model reaction system into two zones was developed. It was assumed that the gas mixture which was produced in the first zone and the part of steam which was supplied to the system but did not react in the first zone, were entered to the second zone of the reactor. Due to the lack of sufficient experimental data at this stage of work, the optimum amount of unreacted steam was estimated based on the experimental data. It was found that an accurate measurement of the gasifying agent amount (steam) supplied to the system and remaining in the resultant mixture after leaving the system, is necessary for the assumed calculation scheme. The calculated content of gases in the mixture remains in good correlation with the results of the experiment.
